Abstract Skeletal muscle stem cells, known as satellite cells, participate in postnatal skeletal muscle growth, regeneration, and hypertrophy. They are quiescent in the resting state, but are activated after muscle injury, and subsequently replicate and fuse into existing myofibers. The behavior of satellite cells during muscle regeneration is regulated by extrinsic factors, such as the extracellular matrix, mechanical stimuli, and soluble factors. Myokines, muscle-derived secretory factors, are important regulators of satellite cell activation, proliferation, and differentiation. It is well known that muscle injury induces the release of various growth factors from myofibers, and these growth factors affect satellite cells. It has recently been shown that myokines secreted from myofibers without cell damage also regulate satellite cell functions. Here, we summarize myokines with known roles in the regulation of satellite cells and the mechanism underlying this regulatory process.
Introduction
Skeletal muscle is a unique tissue that has a remarkable ability to regenerate after injury. In response to tissue damage, muscle stem cells, known as satellite cells, initiate the myogenic program and repair damaged myofibers or form new myofibers. Satellite cells reside between the sarcolemma and basal lamina of myofibers 1) and, upon activation, proliferate and differentiate to myofibers. Satellite cells are heterogeneous, and a portion of satellite cells divide asymmetrically to produce myogenic progenitors or symmetrically to maintain the stem cell pool. The ability of satellite cells to suitably balance quiescence, selfrenewal, and commitment is important for skeletal muscle homeostasis.
Recent studies have revealed that the regulation of satellite cells is governed by intrinsic factors, but also by extrinsic factors, such as the extracellular matrix (ECM), mechanical stimuli, and soluble factors. Myofiber-derived proteins are well-known regulators of satellite cell function. Proteins leak from skeletal muscle cells when the skeletal muscle is damaged, and these proteins act on satellite cells located right beside muscle fibers. Recently, skeletal muscle has been considered a secretory organ that produces bioactive proteins, termed myokines, which are released in the absence of cell damage. Myokines are secreted in response to exercise (muscle contraction), but it is also well known that most myokines are constitutively secreted from skeletal muscle cells. Many myokines are involved in anti-inflammation and systematic metabolic regulation, but there are also molecules related to muscle regeneration or plasticity. In this review, we introduce the reported myokines involved in the regulation of satellite cell behavior and its molecular mechanism.
Definition of a myokine
The term "myokine" is composed of myo (which means "muscle") and kine (which means "movement"). Pedersen et al. have defined myokines as "cytokines and other peptides that are produced, expressed, and released by muscle fibers and exert either paracrine or endocrine effects" 2) . We have suggested that not only proteins or peptides, but also lipids, amino acids, and metabolites serving as ligands by binding to receptors on the cell membrane surface should be categorized as myokines. Furthermore, since there is evidence indicating that microRNAs are released from skeletal muscle during exercise 3, 4) , nucleotides, such as small RNAs, also fall into the category of myokines.
Several studies have shown that satellite cells and undifferentiated myoblasts also secrete various proteins, and these molecules regulate muscle regeneration in a paracrine manner (details are described below). Until now, myokines have been unambiguously recognized as molecules derived from myofibers, which are matured muscle cells. Since satellite cells and myoblasts are included in muscles in a broad sense, they might be classified as myokines.
The myokine concept has been developed recently, but it was previously recognized that several bioactive molecules are released from skeletal muscles following *Correspondence: furuichi@tmu.ac.jp injury and act on surrounding cells in a paracrine manner. In 1986, Bischoff examined the satellite cell proliferation rate in medium containing intact muscle extract or crushed muscle extract 5) . The mitogenic activity was stimulated by the direct addition of crushed muscle extract, suggesting that soluble molecules are released from damaged muscles and induce cell proliferation 5) . Messenger proteins conveying to satellite cells that myofibers suffered damage are released from damaged fibers, and they correspond to currently defined myokines.
Functional regulation of satellite cells by myokines
Satellite cells are typically quiescent in adult muscles, but can be activated, proliferate, and fuse into nascent myotubes or existing muscle fibers. In vitro studies have shown that satellite cells are able to divide asymmetrically to generate myogenic progenitors or to divide symmetrically to maintain the satellite cell pool. Satellite cell fate is governed by a variety of extrinsic factors. For example, stromal cells and nerve-muscle junctions in skeletal muscle tissue secrete cytokines and regulate the cell cycle and gene expression in satellite cells 6) . In addition, the basal lamina, composed of an ECM network, is also important because ECM molecules function as the receptors of satellite cells, and the elasticity of the ECM regulates satellite cell function 7) . Furthermore, bioactive molecules in circulation also affect satellite cell function because blood exchange between heterogeneous individuals (parabiosis) drastically changes the potential of muscle regeneration 8, 9) . Soluble factors secreted from skeletal muscle cells (myokines) are also important regulators of satellite cell functions. In this section, we introduce myokines known to influence satellite cell behavior.
Myokines involved in satellite cell activation
Once muscle fibers are injured, cytokines and chemokines are first secreted from macrophages that migrate to the injured site. Growth factors are also released from damaged muscle fibers, which act on satellite cells and cause muscle regeneration. Released growth factors are important for activating and inducing the proliferation of satellite cells 10) . IGF-1 (Insulin-like growth factor-1) is a hormone mainly produced in the liver and is secreted into circulating blood in response to other growth factors. IGF-1 expression has also been confirmed in skeletal muscle and is released from skeletal muscle cells by factors that induce cell membrane damage, such as stretching, overloading, or vigorous contraction 11) . IGF-1 derived from skeletal muscle acts on satellite cells in a paracrine manner and contributes to muscle hypertrophy 12) . IGF-1 secreted from myofibers in response to injury binds to the specific receptor IGFR-1 of satellite cells and promotes proliferation and differentiation via Ras-ERK (Extracellular signal-regulated kinase) and IRS-PI3 signaling 13, 14) . FGF-2 (Fibroblast growth factor 2) is a growth factor expressed in skeletal muscle and released in response to cell membrane damage 15) . FGF-2 is known to act as a regulator of cell proliferation and differentiation via the activation of MAPK (Mitogen-activated protein kinase) signaling. The p38α/β MAPKs, which are activated in response to FGF-2, are required for satellite cells to enter the cell cycle from a quiescent state 16) . Additionally, FGF-2 is essential for the G1 to S phase of the cell cycle by activating ERK1/2 signaling in proliferating myoblasts 17) , suggesting that FGF-2 acts as a messenger in the initial stage of myogenesis after muscle injury. Taken together, in the process of muscle regeneration by satellite cells after injury, myokines released from damaged muscle fibers act as messengers.
Myokines enhance the proliferation and differentiation of satellite cells
IL-15 (Interleukin-15) is a cytokine that is highly expressed in the skeletal muscle; it acts on adipose tissue in an endocrine manner and is recognized as an exerciseinduced secretory myokine that regulates energy metabolism in the whole body. On the other hand, it has been demonstrated that IL-15 increases protein synthesis, inhibits protein degradation, and is involved in muscle hypertrophy 18, 19) . According to one study, IL-15 stimulated muscle cell differentiation based on cell culture experiments 20) . LIF (Leukemia inhibitory factor) is a cytokine identified as a proliferation inhibitor in leukemic cells, but is also known as a myokine secreted from skeletal muscle cells 21) . Muscle-derived LIF is supposed to function in skeletal muscle hypertrophy via the activation of satellite cells. Spangenburg et al. showed that skeletal muscle hypertrophy due to overload does not occur in LIF knockout mice, but is rescued by the administration of LIF 22) . It has also been shown that LIF stimulates satellite cell proliferation and represses myogenic differentiation via the signaling pathways of JAK1, STAT1, and STAT3 23, 24) . These studies suggest that LIF is an exercise-induced myokine that activates satellite cell proliferation in a paracrine manner.
Myokines that regulate the self-renewal of satellite cells
The self-renewal of satellite cells is a necessary process to prevent depletion. It has been reported that the number of satellite cells decreases during aging 25) , and this is thought to be due to a reduced self-renewal capacity. FGF-2, which is an activator of satellite cells, negatively regulates self-renewal 26) . In aged mice, the expression of FGF-2 in muscle fibers is upregulated, and FGF signaling in satellite cells is increased. A reduction in FGF activity by the inhibition of FGF signaling in satellite cells prevents the loss of quiescence, a decrease in satellite cells, and impaired muscle regeneration 26) . IL-6 (Interleukin-6), an inflammatory cytokine, is an aging factor whose blood level increases during aging; it has been suggested to be associated with skeletal muscle atrophy 27) . The JAK-STAT pathway downstream of the IL-6 receptor is also activated by aging, which reduces the self-replicating ability of satellite cells. Inhibition of this pathway rescued the decreased number of quiescent satellite cells and impaired muscle regenerating ability 27) . IL-6 is the most popular myokine, but its physiological functions are diverse, including whole body metabolism 28) . Acute exercise increases IL-6 levels in plasma, while chronic exercise decreases IL-6 levels in the resting state 29) . Exercise training effectively improves the skeletal muscle regeneration ability 30) , but detailed studies on the contribution of myokines, such as IL-6, are needed.
Myokines that negatively regulate satellite cell function
Myostatin, formerly known as GDF (growth differentiation factor)-8, is a member of the TGF-β superfamily and is recognized as a myokine that regulates muscle size 31, 32) . Similar to other members of the TGF-β superfamily, myostatin activates the canonical Smad2/3 signaling pathway, via identical activin type II receptors, and regulates the 
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expression of genes involved in myogenesis. In a cell culture experiment using C2C12 myoblasts, myostatin caused an increase in the expression of p21, an inhibitor of Cyclin-dependent kinase (Cdk), and the suppression of Cdk2 activity, resulting in the inhibition of cell proliferation 33) . It has been shown that myostatin inhibits the activation of satellite cells and also negatively regulates the self-renewal of satellite cells 34) . Furthermore, myostatin inhibits myoblast differentiation by suppressing MyoD via Smad3 signaling. Since myostatin is crucial for proliferation and differentiation in satellite cells, it can be applied to the treatment of muscle weakness or muscle dystrophy by suppressing myostatin function 35) . GDF-11, another TGF-β superfamily protein, is closely related to myostatin, sharing 89% sequence homology 36) . GDF-11 is reported to act on skeletal muscle mass and is related to aging, but its effects are controversial. GDF-11 was identified as a rejuvenating factor for skeletal muscle because GDF-11 levels decreased with aging and restoring GDF-11 levels reversed the impairment of skeletal muscle function 37) . However, several studies do not support the rejuvenative influence of GDF-11 on dysfunction in aged skeletal muscle. Egerman et al. claimed that the original reagent used to measure GDF-11 also detects other molecules, including myostatin, and showed that GDF-11 actually increases with aging; and, in fact, has deleterious effects on skeletal muscle regeneration 38) . Additionally, it has been shown that GDF-11 decreases satellite cell proliferation in vitro 39) , suggesting that GDF-11 has a negative effect on muscle regeneration, in agreement with Egerman et al. The discrepancy in the age-related changes of GDF levels can be explained by methodological issues with respect to detection owing to the high similarity between myostatin and GDF-11. The original group who reported age-related decreases in GDF-11 have published corroborative results using antibody-based methods, but they no longer distinguish between GDF-11 and myostatin 40) . However, another group has recently overcome these methodological challenges for the quantification of GDF-11 by developing an LC-MS/MS assay, and showed that GDF-11 levels do not decrease as age increases 41) . Taken together, the decrease in GDF-11 during aging and its application as a potential target to reverse muscle dysfunction are not supported by published studies to date.
Molecules secreted from satellite cells
After muscle injury, not only myofibers, but also satellite cells secrete soluble factors and contribute to muscle regeneration by regulating the expansion or differentiation of surrounding satellite cells. HGF (hepatocyte growth factor) is mainly expressed in mesenchymal cells, but is also expressed in satellite cells 42, 43) and acts directly in an autocrine manner. Released HGF induces the satellite cell entry from the quiescent state to the cell cycle as well as myoblast proliferation, and inhibits muscle differentiation via the cell surface receptor c-Met [43] [44] [45] . Rodgers et al. have recently shown that muscle injury on the unilateral limb of mice affects distant satellite cells in the uninjured contralateral leg, suggesting that injury-induced soluble molecules affect satellite cells via the bloodstream. Rodgers explained that the activation of opposite satellite cells is induced by HGF, which is released from the injured leg and activates mTOR (mammalian target of rapamycin) signaling 46) . Semaphorin 3A (Sema3A), a class 3 vertebrate-secreted semaphorin, is also a satellite cell-derived secretory protein. The expression of Sema3A is up-regulated at the early-phase of muscle differentiation during muscle regeneration in vivo 47) . Recently, it has been shown that the deletion of Sema3A decreases slow-type muscle fibers in cultured cells and transgenic mice, suggesting that Sema3A is a novel factor for slowmyofiber commitment 48) . Satellite cells interact with the surrounding extracellular environment, including fibroblasts. Recently, it has been demonstrated that activated satellite cells secrete exosomes containing microRNAs that regulate fibroblast collagen expression 49) . miRNA-206 was identified as a suppressor of RRBP1 that regulates collagen synthesis in fibroblasts. These findings revealed that satellite cells interact with neighboring myoblasts or non-muscle cells via muscle-derived secretory molecules.
Concluding remarks
Myokine research is in the early stages, but new myokines are still being discovered. The identification of novel myokines related to the regulation of the quality and quantity of skeletal muscle and the elucidation of underlying mechanisms can lead to the prevention and treatment of skeletal muscle diseases, such as sarcopenia. In fact, Follistatin and GASP (GDF-associated serum protein) are candidate therapeutic molecules for muscle diseases 50) . Recently, the muscle contraction system of cultured cells has been established, enabling the discovery of novel myokines secreted by muscle contraction 51) . It is expected that exercise-induced health benefits might be explained by the myokine hypothesis. Further studies are needed to clarify the mechanisms underlying such benefits.
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